The seasonal and interannual variability of warm pool properties in the Pacific and Indian Ocean sectors are examined and contrasted. The properties examined are the size, mean and maximum sea surface temperatures (SSTs), and central position. The seasonal variability is more vigorous in the Indian Ocean sector, but the interannual variability is comparable in the Pacific and Indian Ocean sectors. The variability is associated with significant longitudinal and latitudinal displacements on seasonal timescales but only with longitudinal displacements on interannual timescales. As for the controlling factors, while the seasonal variability of the warm pool is controlled by the annual march of the Sun in the Pacific sector and by the Indian summer monsoon in the Indian Ocean sector, the interannual variability in both sectors is related mostly to El
Niño-Southern Oscillation (ENSO). ENSO is closely correlated with the size variations
and longitudinal displacements of the warm pool. Interestingly, the warm pool intensity in both sectors is not highly correlated with ENSO until five to six months after ENSO peaks. The possible causes of this delayed ENSO influence are discussed. Only size and intensity (i.e., mean SST) variations in the Indian Ocean warm pool are significantly correlated with quasi-biennial variability in the Indian monsoon, which indicates that the Indian Ocean warm pool may be a potential predictor for Indian monsoon variations.
warm pool is positively correlated with the occurrence of westerly wind bursts in the western Pacific, which are known to be important for the onset of the El Niño events (Eisenman et al. 2005) . Warm pool displacements and intensity variations are also known to affect the onset, intensity, and period of El Niño-Southern Oscillation (ENSO) (Picaut et al. 1996; Kessler 2001; Sun 2003; McPhaden 2004) . Changes in the warm pool size have been suggested to change the center of atmospheric deep convection, leading to local and remote changes in climate. Williams and Funk (2011) showed that a large warming trend in the Indian Ocean over the past 60 years has expanded the Indian Ocean warm pool westward and argued that this expansion has been instrumental in a shift of the sinking branch of the Walker circulation westward to eastern Africa, causing rainfall deficit there. It has also been suggested that warm pool SSTs may affect tropical cyclone frequency and intensity. Webster et al. (2005) showed that an increasing trend in the tropical cyclone number and intensity over the past 35 years could be associated with a warming trend in the north Indian Ocean and western Pacific Ocean. Slow fluctuations in warm pool SSTs were suggested to be capable of regulating decadal variability in the Hadley and Walker circulations (Wang and Metha 2008) . Furthermore, the warming of the Indo-Pacific warm pool in recent decades was suggested as a contributor to a trend of intensification in the Hadley circulation (Ma and Li 2008) . Previous studies have improved our understanding of the Indo-Pacific warm pool, such as its surface energy balance and the relative roles played by atmospheric and oceanic processes in the balance (e.g., Ramananthan and Collins 1991; Wallace 1992; Hartmann and Michelson 1993; Schneider et al. 1996; Fasullo and Webster 1999; Clement et al. 2005) . Most of the studies focused on the Pacific sector of the warm pool.
Some of the studies that looked into the Indian Ocean sector of the warm pool indicated that the surface energy balance in this sector differs from that in the Pacific sector. Schneider et al. (1996) concluded from an examination of coupled atmosphere-ocean model simulations that, on seasonal timescales, the solar penetration process affects the vertical temperature structure more in the Pacific than in the Indian Ocean. Fasullo and Webster (1999) found that the warm pool SST in the Indian Ocean is less sensitive to surface thermal forcing than it is in the Pacific. The warm pool in the Indian Ocean sector also has a stronger annual cycle than in the Pacific sector (Fasullo and Webster 1999) .
The warming trend in the warm pool since the 1970s has been about two to three times larger in the Indian Ocean sector than in the Pacific sector (Williams and Funk 2011) .
Coincident with the warming in the Indian Ocean, the mean strength of the Indian monsoon has weakened but its interannual variability has increased (Goswami 2005) . It was also noted that the typical negative correlation between ENSO and the Indian monsoon has weakened in recent decades (Kumar et al. 1999; Kinter et al. 2002) . It has also been shown that the Indian Ocean warm pool is shallower than the Pacific warm pool (e.g., Meng and Wu 2002) . Moreover, the Indian Ocean exhibits a unique interannual variability, which is called the Indian Ocean Dipole (IOD; Saji et al. 1999; Webster et al. 1999) , that may interfere with the Indian Ocean sector of the warm pool.
These studies indicated that the warm pool properties and their variability in the Pacific and Indian Ocean sectors can be different and may play different roles in the climate system.
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In this study, we separate the Indo-Pacific warm pool into a Pacific sector and an Indian Ocean sector to examine and contrast their seasonal and interannual variability.
We focus on variations in the warm pool intensity, size, and location. The warm pool intensity is often represented by the mean SST within the region where SSTs are greater than or equal to a threshold (which is usually set to be 28°C). Additionally, we also examine variations in the maximum SST inside the warm pool to see whether it is a good indicator of warm pool intensity. As for the warm pool location, previous studies have focused on the longitudinal displacement or the eastern boundary movement of the Pacific warm pool due to its close relation with the evolution of ENSO (e.g., Picaut et al. 1996) . In this study, we examine the movement of the center of the warm pool by examining both its longitudinal and latitudinal displacements. This so-called "centroid" movement of the warm pool has been examined by Ho et al. (1995) using a short period (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) of satellite data, but that study focused only on the Pacific sector of the warm pool. For the size variations of the warm pool, we focus on its horizontal surface area, since a previous study by Meng and Wu (2002) showed that volume variations in both the Pacific and Indian Ocean sectors of the warm pool are similar to their surface area variations. Therefore, five particular properties of the warm pool are examined in this study: the horizontal size of the warm pool, the mean and maximum SSTs inside the warm pool, and the central longitudinal and latitudinal locations of the warm pool. 
Data set and method
The SST dataset used in this study is the National Oceanic and Atmospheric Administration (NOAA) Extended Reconstruction of Historical Sea Surface Temperature version 3 (ERSST v3; Smith et al. 2008 ) from the National Climate Data Center (NCDC).
The data is available from 1854 to 2011 on 2°x2° grids and is produced by applying statistical methods to in situ and satellite observations. To test the sensitivity of the results to the SST dataset used, we also examine the Met Office Hadley Centre Sea Ice and Sea Surface Temperature data set (HadISST; Rayner et al. 2003) , which is reconstructed using an empirical orthogonal function and reduced-space optimal interpolation (Kaplan et al. 1998 ) and is available on 1°x1° grids from 1871 to 2011. We found the results to be similar and present only those produced from the ERSST dataset here.
Using SST data for the period 1950-2010, the size, maximum and mean SSTs, and the longitudinal and latitudinal locations of the center of the warm pool are calculated in the region enclosed by the 28°C isotherm within the region between 30°S-30°N and 30°E-130°W. We repeated our analyses with the warm pool defined by the 27.5°C isotherm, which has been used in some studies (e.g., Graham and Barnett 1987) to define warm pool, but found little difference. Only the results with the warm pool defined by the 28°C isotherm are shown. In this study, the warm pool is separated into Pacific and Indian Ocean sectors (see Figure 2 ) based on the basin mask information from NOAA's National Oceanographic Data Center World Ocean Atlas 2009 (Locarnini et al. 2010) .
The boundary (i.e., the red-dashed line in Fig. 2 Next we examine the seasonal variations in the warm pool intensity. We focus on two quantities: the mean SST (Fig. 3d ) and the maximum SST (Fig. 3e) (Fig. 3d) and is dominated by a weak semi-annual harmonic (Fig. 3i) . The peak values occur in boreal spring and autumn when the Sun is directly overhead at the equator. In contrast, the mean warm-pool SST in the Indian Ocean sector experiences a relatively large seasonal variation with a maximum excursion of more than 0.5°C. The variation is dominated by an annual harmonic with the largest deviation in April, which is the time when the Indian Ocean warm pool expands to its maximum size (see Fig. 3a ). The mean SST in this sector decreases from July to December, which also coincides with the period of time when the Indian Ocean warm pool shrinks. Seasonal variations in the warm-pool size and intensity (i.e., mean SST) are positively correlated in the Indian Ocean sector, with a correlation coefficient of 0.67 that is significant at a 95% level according to a student t-test. Niña events. ENSO accounts for about 63% of the interannual variability in warm pool size and about 78% of that in longitudinal displacement. We also calculate the correlation coefficients for boreal summer (July-August-September; JAS) and winter (DecemberJanuary-February; DJF). As shown in Table 1 , the correlations between Niño3.4 and warm pool size and longitudinal displacement are significant in both seasons. Since ENSO typically develops in summer and peaks in winter, Table 1 indicates that the significant correlations of ENSO with the warm pool size and longitudinal displacement persist throughout its lifecycle. Therefore, the cancellation effect is weaker in DJF when ENSO events peak. This is consistent with Table 1 that shows the mean SST in the warm pool has a significant correlation with ENSO in DJF. Table 1 ). Table 1 shows that ENSO has a remote influence on the size, intensity, and longitudinal displacement of the Indian Ocean warm pool with the correlation coefficients significant at 95% level. Particularly, the significant correlation with the intensity of the Indian Ocean warm pool is a distinctive feature that is not found for the Pacific warm pool. When the correlation is separately estimated for JAS and DJF, ENSO's correlations with the size and intensity of the Indian Ocean warm pool are significant in DJF (i.e., the peak phase of ENSO). We find from
Figures 5c-d that the stronger winter correlations are related to a basin-wide warming and cooling of the Indian Ocean during the mature phase of ENSO events. It is known that the Indian Ocean tends to warm up (cool down) basin-wide after an El Niño (La Niña) event peaks due to the ENSO-induced heat flux anomalies (Klein et al. 1999 ) and ocean Rossby wave propagation (Xie et al. 2002) . This basin-wide warming/cooling typically peaks in late boreal winter and early spring and this explains why ENSO's correlation with the warm pool intensity is large and significant in DJF. The basin-wide warming (cooling) during El Niño (La Niña) expands (shrinks) the Indian Ocean warm pool and also explains why the size of the Indian Ocean warm pool is significantly correlated with the ENSO during DJF (see Table 1 ). The correlation analysis also indicates that the longitudinal displacement of the Indian Ocean warm pool due to ENSO is in an opposite direction from that of the Pacific warm pool with significant correlation persisting from the ENSO development to its peak. The opposite longitudinal displacement between the two sectors during ENSO can be attributed to the opposite directions of the Pacific and Indian Ocean branches of the global Walker circulation. (Fig. 6a) , the largest correlations occur when ENSO (i.e., the Niño3.4 SST index) leads the warm pool size by one month. It is also noticed that about five months after ENSO reaches its mature stage the Pacific warm pool mean SST reaches its peak value. This may be the time when the SST anomalies in the western Pacific that are out-of-phase with the ENSO SST anomalies diminish. The longitudinal displacement of the Pacific warm pool occurs almost simultaneously with the development of the ENSO.
As for the Indian Ocean sector (Fig. 6b) , the warm pool is displaced to the west simultaneously during the ENSO development while the warm pool size reaches its peak two months after ENSO peaks. Figure 6b also shows that the mean SST of the Indian Ocean warm pool is affected remotely by ENSO with a lag time of four months. As mentioned, the enhanced warm pool mean SST during El Niño is related to the Indian Ocean basin-wide warming, which is known to reach its maximum about one season after El Niño peaks Yu and Lau 2005) . The El Niño-induced tropical Indian Ocean warming can persist through the spring and early summer after ENSO dissipates and can prolong ENSO's influence on the climate of the Indian and western Pacific region (e.g. Annamalai et al. 2005; Yang et al. 2007; Xie et al. 2009 Xie et al. , 2010 Du et al., 2009 Du et al., , 2011 . (Fig. 7a) . A similar lead-lag correlation is also found with the mean SST of the Indian Ocean warm pool (Fig. 7d) . These relations indicate that a stronger-than-normal Indian summer monsoon is preceded by an expanding and warming Indian Ocean warm pool in boreal spring and followed by a shrinking and cooling Indian Ocean warm pool in boreal autumn. It is likely that the larger size and warmer Indian Ocean warm pool can supply more moisture into the Indian Peninsula to produce a stronger summer monsoon, thereby producing stronger surface winds over the Indian Ocean, enhancing surface evaporation and acting to cool down the warm pool afterward. These cyclic feedback processes between the monsoon and the Indian Ocean warm pool take about two years, according to the interval between the largest positive and negative correlations shown in Fig. 7a and d . This result indicates that the correlation between the Indian Ocean warm pool and monsoon is strong on the biennial timescale, which is consistent with Li et al. (2001) who argued that the strength of the Indian monsoon is affected more by the Indian Ocean in the two-three year band but by ENSO on other interannual timescales. The cause of this strong biennial correlation may be the local monsoon-ocean interactions proposed as the source of the so-called Tropospheric Biennial Oscillation (TBO; Meehl 1987 Meehl , 1993 (Fig. 7b) and northern (Fig. 7c ) Indian Ocean. Conversely, after the strong monsoon, the warm pool retracts into the eastern and southern Indian Ocean. Also, summer monsoon rainfall is only weakly correlated with the maximum SST (Fig. 7e) in the Indian Ocean sector of the warm pool. Therefore, it is interesting to note that the Indian monsoon can affect the Indian Ocean warm pool intensity (i.e., mean SST) on both seasonal and interannual timescales. The biennial variability of the monsoon is closely correlated with the size and mean SST of the Indian Ocean warm pool. We also looked into the lead-lag correlations between the warm pool properties and the IOD. Following Saji et al. (1999) , an IOD index is defined as the difference in SST anomaly between the tropical western Indian Ocean (50°E-70°E, 10°S-10°N ) and the tropical southeastern Indian Ocean (90°E-110°E, 10°S-0°). We found that the largest correlation coefficients (which are significant at the 95% level) occur when the IOD leads the size and the longitudinal location of Indian Ocean warm pool by about two to three On interannual timescales, the magnitude of the warm pool variability in the entire Indo-Pacific warm pool is similar to the magnitude of the seasonal variability. In contrast to the seasonal variability, the interannual variability is associated with large longitudinal displacements but small latitudinal displacements. ENSO is the primary contributor to the interannual variability in both sectors. When an El Niño event develops, the size of the warm pool increases as it extends eastward in the Pacific sector and westward in the Indian Ocean sector, and vice versa for a La Niña event. This study finds that the response of the warm pool intensity to ENSO does not reach its peak until about five months after ENSO peaks. The delay in the Indian Ocean is due to the time required for ENSO-induced basin-wide warming/cooling to develop. The delay in the Pacific is due to an out-of-phase SST anomaly that develops in the western half of the Pacific warm pool that partially cancels out the warming (cooling) effects associated with El Niño (La Niña) events in the eastern half. This cancellation effect diminishes gradually about five to six months after ENSO peaks. Therefore, this study finds that the intensity of ENSO, which tends to peak in boreal winter, may be reflected in the Pacific or Indian Ocean warm pool intensity during the following boreal spring. Finally, the quasi-biennial variability of the Indian monsoon, which is known as the TBO, is also found to have strong interactions with the Indian Ocean warm pool. The positive phase of the TBO (i.e., stronger-than-normal summer monsoon) is preceded by an expanding and warming Indian Ocean warm pool and followed by a shrinking and cooling warm pool. The correlation implies that the interannual variations in both size and mean SST in the Indian Ocean warm pool have the potential to be utilized for the prediction of Indian monsoon variations. 
